Abstract. MicroRNAs (miRNAs) are small non-coding RNAs which can serve as oncogenes or tumor suppressors in glioma. The present study aimed to investigate the expression of miR-613 in glioma. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to detect miR-613 in glioma cells and tissues and the relationship between miR-613 and vascular endothelial growth factor (VEGF) A was assessed using a luciferase reporter assay. In addition, glioma cells were transfected with miR-613 mimics and the mRNA and protein expression of VEGFA was detected using RT-qPCR and western blot analysis, respectively. The proliferative, invasive and tube formation capabilities of transfected cells were also assessed in vitro. Furthermore, a nude mouse tumor xenograft model was used to investigate the effects of miR-613 on tumor growth in vivo. The results of the present study demonstrated that the expression of miR-613 was decreased in glioma cell lines, and was associated with the grade of glioma. Ectopic expression of miR-613 markedly suppressed glioma cell proliferation and angiogenesis. Furthermore, the upregulation of miR-613 inhibited tumor angiogenesis and tumor growth in xenografted nude mice in vivo. VEGFA was demonstrated as a direct target of miR-613, as detected by western blot and luciferase reporter assays, and mediated miR-613 induced glioma cell proliferation and angiogenesis inhibition.
Introduction
Glioma, which is the most commonly occurring highly malignant primary brain tumor, comprises approximately one-third of intrinsic tumors of the central nervous system in both children and adults (1, 2) . Although major advancements have been made by integrating neurosurgery, radiotherapy and chemotherapy to control malignant gliomas, poor prognosis and survival rate remains characteristic of such tumors (3, 4) . Therefore, it is important to further understand the molecular mechanisms in glioma progression, and develop novel therapeutics.
MicroRNAs (miRNAs/miRs) are 21-23 nucleotide, small non-protein coding single-stranded RNA molecules, which are the important post-transcriptional regulators of gene expression in animals and plants (5) . In animals, the regulatory effects of miRNAs are achieved by binding the complimentary sequences within the 3'-untranslated regions (UTRs) of their cognate messenger RNA (mRNA) targets (6, 7) . miRNAs are involved in a variety of tumorigenic activities, including angiogenesis, proliferation, invasion and metastasis (8) . Previous studies have suggested that the expression levels of many miRNAs are involved in glioma (9, 10) . miR-613 has been identified to serve a key role in tumorigenesis and cancer progression, such as inhibition of ovarian cancer proliferation and invasion (11) and induction of lung cancer cell cycle arrest (12) . However, the effect of miR-613 in glioma remains unknown.
The present study demonstrated that the mRNA expression level of miR-613 was decreased in glioma cell lines, and overexpression of miR-613 in both U87 and U251 cells suppressed invasion, proliferation and angiogenesis. In addition, vascular endothelial growth factor A (VEGFA) was identified to be a target gene of miR-613. The effects of miR-613 on tumor angiogenesis and proliferation were dependent on downregulation of VEGFA. These findings demonstrated the underlying mechanism and a novel role for miR-613 as a tumor inhibitor in glioma.
Materials and methods
Cell lines and patient samples. The NHA, H4, U87, U251 and SWO-38 human glioma cell lines and the HUVEC human endothelial cell line were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured in RPMI-1640 medium supplemented with penicillin and streptomycin (100 U/ml and 100 mg/ml, respectively) and 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in a humidified atmosphere of 5% CO 2 .
In the present study, 29 tissue samples were isolated from patients with stage I-II glioma and 24 samples from patients with stage III-IV glioma. In addition, 29 samples from normal adjacent tissue were also collected. The tissues were collected in the First Affiliated Hospital of Kunming Medical University (Kunming, China) between May 2014 and March 2016. Informed consent was obtained from each patient. All tissue samples had an affirmative pathological diagnosis and were classified on the basis of the World Health Organization criteria. None of the patients had received preoperative treatment, including chemotherapy or radiotherapy. A total of 32 male and 21 female patients were enrolled in the present study and the mean age of the patients was 69 years.
Lentivirus (LV) production and transfection. The LV-miR-613 mimics and mimic controls were purchased from Shanghai GeneChem Co., Ltd. (Shanghai, China). Cells were plated in 6-well plates at a density of 1x10 5 cells/well and were transfected with 200 µl (100 nM) miR-613 mimics or mimic controls using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The transfected cells were cultured in RPMI-1640 medium supplemented with 10% FBS for 48 h at 37˚C in a humidified atmosphere of 5% CO 2 . The sequences of the oligonucleotides that were used were as follows: miR-613 mimic sense, 5'-AGG AAU GUU CCU UCU UUG CC-3' and antisense, 5'-UGG CAA AGA AGG AAC AUU CCU UG-3'; negative control (NC) sequence sense, 5'-ACU ACU GAG UGA CAG UAG A-3' and antisense, 5'-AUC UAC UGU CAC UCA GUA GUG G-3'.
Plasmid construction and dual luciferase activity assay. TargetScan (http://targetscan.org/) and MiRanda (http:// www.microrna.org/) software were used to predict the potential target genes of miR-613, and VEGFA was identified as a possible target. The eukaryotic expression vector pcDNA3.1 (+) was subcloned with full-length VEGFA cDNA (Invitrogen; Thermo Fisher Scientific, Inc.). The VEGFA 3'-UTR target site for miR-613 was amplified by polymerase chain reaction (PCR) and cloned into the XbaI site of a pGL3 control vector (Promega Corp., Madison, WI, USA). This vector was termed wild-type (WT) VEGFA 3'-UTR. The Quick-Change Mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA) was used to carry out the site-directed mutagenesis of the miR-613 target-site in the VEGFA 3'UTR, termed mutant (Mut) VEGFA 3'-UTR. For the luciferase activity assay, U87 cells were seeded at density of 5x10 4 cells/well in 24-well plates and co-transfected with WT or Mut VEGFA 3'UTR vectors and the control vector pRL-(cytomegalovirus) CMV coding for Renilla luciferase, (Promega Corp.) using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. A Dual-Luciferase Reporter Assay system (Promega Corp.) was used to detect the luciferase activity after transfection for 36 h.
RNA extraction and reverse transcription-quantitative (RTq)-PCR.
Total RNA was extracted with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The mRNA expression level of miR-613 was detected using an ABI PRISM 7500 Sequence Detection system (ABI) using TaqMan MicroRNA assay kits (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. The thermocycling conditions that were used were as follows: Initial denaturation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec and at 60˚C for 60 sec. U6 served as the control for normalization.
The gene expression of VEGFA was also detected. Total RNA was reverse transcribed into cDNA using Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific Inc.) according to the manufacturer's protocol. The temperature conditions used were as follows: At 25˚C for 5 min, at 42˚C for 60 min and at 70˚C for 10 min. qPCR was performed on cDNA using SYBR-Green (Takara Bio, Inc., Otsu, Japan) and gene expression was normalized to β-actin. Thermocycling conditions were as follows: At 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and at 60˚C for 34 sec. The primers that were used in the present study were as follows: VEGFA forward, 5'-ATC CAA TCG AGA CCC TGG TG-3' and reverse, 5'-ATC TCT CCT ATG TGC TGG CC-3'; β-actin forward, 5'-TGA GAG GGA AAT CGT GCG TGA C-3' and reverse, 5'-GCT CGT TGC CAAT AGT GAT GAC C-3'; miR-613 forward, 5'-AGG AAT GTT CCT TCT-3' and reverse, 5'-GTG CAG GGT CCG AGG T-3'; and U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3' . The specificity of primer sequences were detected by its dissociation curve, and the 2 -ΔΔCq (quantitation threshold) method was used to calculate the relative gene expression levels (13) .
Western blot analysis. Western blot assay was conducted as previously described (14) . Briefly, cells were lysed with ice-cold lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). The concentrations of proteins were measured using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Total proteins (30 µg) were separated by 10% SDS-PAGE, transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) and blocked in 5% skim milk (BD Biosciences, Franklin Lakes, NJ, USA) for 2 h at room temperature. Membranes were then incubated with the following primary antibodies at 4˚C overnight: Anti-VEGFA (cat no. ab1316; 1:1,000; Abcam, Cambridge, UK), anti-angiopoietin-2 (Ang-2; cat no. sc-20718; 1:50), anti-CD31 (cat. no. sc-71872; 1:200) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-GAPDH (cat no. ab9484; 1:5,000; Abcam). Subsequently, they were incubated with the following horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature: Anti-mouse immunoglobulin (Ig) G (cat no. sc-2005; 1:2,000; Santa Cruz Biotechnology, Inc.) and anti-rabbit IgG (cat no. sc-2004; 1:2,000; Santa Cruz Biotechnology, Inc.). Enhanced chemiluminescence (GE Healthcare, Chicago, IL, USA) was used to detect the expression levels of the target proteins. Blots were semi-quantified using Image Lab software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Immunohistochemistry. According to the manufacturer's protocol, immunohistochemistry for VEGFA and CD31 was performed on 4-µm formalin fixed, paraffin-embedded tissue sections. The sections were incubated with anti-VEGFA (1:200) and anti-CD31 (1:50) primary antibodies overnight at 4˚C. The sections were then incubated for 1 h at room temperature with HRP-conjugated anti-mouse secondary antibody (cat. no. sc-2005; 1:200; Santa Cruz Biotechnology, Inc.). Immunohistochemical stains were completed using an automated immunostainer (Ventana Medical Systems Inc., Tucson, AZ, USA) and stained sections were observed under a light microscope.
Cell proliferation and tube formation assay. For the colony formation test, U87 and U251 cells (1,000 cells/well) were treated with miRNA control, miR-613 mimc, or miR-613 mimic and pcDNA3.1-VEGFA, seeded into 6-well plates and cultured for 14 days. The colonies (>50 cells; diameter, 60-100 µm) were stained with 0.1% methylene blue for 5 min at room temperature and imaged using an optical microscope. The tube formation assay was conducted as previously described (14), in 24-well plates using growth factor reduced Matrigel (BD Biosciences). Cells (2x10 4 cells/well) were resuspended in serum-free medium and plated on the Matrigel-coated plates. Following incubation at 37˚C overnight, each well was observed under a light microscope. Tubules in each field were imaged and an average of tubules from 3-5 random fields of view/well was counted.
Cell invasion assay. The cell invasion assay was conducted as previously described (5) using Matrigel-coated Transwell inserts (Costar; Corning Incorporated, Corning, NY, USA). Briefly, 50 µl (2.0 mg/ml) Matrigel (BD Biosciences) was added in the upper chambers of the Transwell inserts for 30 min at 37˚C. Subsequently, 3x10
3 cells in RPMI-1640 medium without serum were seeded in the upper chambers of the inserts. In the lower chambers, 600 µl culture medium supplemented with 10% FBS was added as a chemoattractant. Following 24 h incubation, non-invaded cells were removed using a cotton swab. Cells that had invaded the lower membrane were fixed with 4% paraformaldehyde for 30 min at room temperature, stained with 0.1% crystal violet for 20 min at room temperature, and photographed under a phase-contrast microscope (Olympus Corp., Tokyo, Japan). A total of 5 random fields of view were selected for cell counting.
Animal tumor studies. Animal experiments were approved by the Ethics Committee of Health and Planning Commission of Qujing City (Qujing, China). A total of 20 male BALB/c nude mice (age, 5-6 weeks; weight, 18-22 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Mice were housed in a specific-pathogen-free animal center and fed with autoclaved water and laboratory rodent chow ad libitum. Mice were maintained in a controlled temperature (21-23˚C) under a 12-h light/dark cycle, in standard vinyl cages with air filter tops. Cages, bedding and water containers were autoclaved prior to use. At the beginning of the experiment, mice were subcutaneously injected in the front right leg with 0.2 ml U87 cells (2.5x10 6 ), which had been previously transfected with miRNA control or miR-613 mimics using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Tumor sizes were recorded at the indicated time points, and tumor volume (mm 3 ) was calculated as follows: Tumor volume = 1/2 (tumor length) x (tumor width) 2 . On day 42 post-injection, mice were sacrificed and the tumor nodules were dissected and weighed.
Statistical analysis. All data are presented as the mean ± standard deviation of 3 independent experiments. One-way analysis of variance or two-tailed Student's t-test were used to analyze the significant differences between groups. SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 6.0 (National Institutes of Health, Bethesda, MD, USA) software were used for data analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-613 expression is downregulated in glioblastoma multiforme (GBM) cell lines and is associated with the glioma grade.
The expression level of miR-613 was detected in NHA, H4, U87, U251 and SWO-38 cell lines by RT-qPCR. The results demonstrated that the mRNA expression level of miR-613 was decreased in high-grade glioma cell lines (U87, U251 and SWO-38) compared with NHA cells and the low-grade glioma cell line H4 (P<0.05; Fig. 1A ). As U87 and U251 cells had the lowest expression of miR-613, they were selected for subsequent experiments. To further confirm the different expression levels of miR-613 in different grade gliomas, the mRNA expression level of miR-613 in different grade glioma tissues was examined by RT-qPCR. As a result, miR-613 levels in glioma I-II were significantly reduced compared with normal adjacent tissues (NATS), and in glioma III-IV it was the lowest (Fig. 1B) .
miR-613 serves as a regulator of VEGFA by attaching to VEGFA 3'-UTR.
MiRanda algorithms and TargetScan were used to search for target genes of miR-613. Among the mRNAs involving miR-613 recognition sites in their 3'-UTRs, VEGFA was focused on. In order to confirm that VEGFA was a direct target of miR-613, VEGFA wild-type (WT) or mutant 3'-UTR was subcloned into a luciferase reporter vector and co-transfected with miR-613 mimics or a negative control into U87 and U251 cells (Fig. 2A) . The results demonstrated that in U87 and U251 cell lines, miR-613 significantly inhibited the luciferase activity of the VEGFA WT 3'-UTR, but had no influence on the mutant (Fig. 2B and C) . To evaluate the effect of miR-613 on VEGFA expression, U87 and U251 cells were transfected with miR-613 mimics and control. The results demonstrated that overexpression of miR-613 downregulated the mRNA and protein expression levels of VEGFA ( Fig. 2D and E). These findings illustrated that VEGFA was a direct downstream target of miR-613 in GBM cells.
miR-613 suppresses the proliferation, invasion and angiogenesis of GBM cells via targeting VEGFA in vitro.
VEGFA has been identified to be potentially the most important mediator in glioma. Previous studies demonstrated that VEGFA serves a key role in regulating tumor-induced angiogenesis in glioma (15, 16) . Studies have indicated that overexpression of VEGFA was associated with poor prognosis and the risk for glioma recurrence (17, 18) . The expression level of miR-613 was decreased in GBM, and its inhibitory action on VEGFA was involved with miR-613, which may have a role in GBM carcinogenesis by downregulating the expression of VEGFA. Therefore, the effects of miR-613 overexpression and VEGFA restoration in GBM cells was investigated. In the colony formation assay, overexpression of miR-613 markedly decreased colony formation in both U87 and U251 cell lines (Fig. 3A and B) . The invasion experiment results demonstrated that upregulation of miR-613 significantly inhibited invasion in both GBM cell lines, compared with the mimic controls ( Fig. 3C and D) . The tube formation assay of endothelial HUVEC cells was suppressed by treatment with medium preconditioned by miR-613-overexpressing U87 and U251 cells (Fig. 3E) . In addition, western blot analysis indicated that restoration of VEGFA ameliorated the miR-613-induced downregulation of VEGFA (Fig. 3F) . The growth and invasion of tumor depends on tumor angiogenesis, there are various angiogenic factors regulating this process. Ang-2 is one of the most important proteins for this process (19) . In this study, the results demonstrated that overexpression of miR-613 markedly decreased the level of Ang-2 compared with control, and it was markedly improved by transfection of VEGFA (Fig. 3F) . However, the decrease in colony formation, invasion and tube formation produced by stable upregulation of miR-613 was restored by transfecting VEGFA into both U87 and U251 cell lines (Fig. 3A-E) . These results indicated that miR-613 markedly inhibits invasion, proliferation and angiogenesis, at least partially, via targeting VEGFA.
Upregulation of miR-613 inhibits angiogenesis and growth of GBM cells in vivo.
Next, the role of miR-613 on tumor angiogenesis and growth was studied in vivo. The tumor volume and tumor weight of subcutaneous xenograft tumors apparently decreased in nude mice with U87 cells transfected with miR-617, compared with those stably transfected with LV-control ( Fig. 4A and B) . Furthermore, the expression level of VEGFA was also reduced by stable transfection of miR-613. In addition, miR-613 decreased the protein expression levels of VEGFA and CD31 (Fig. 4C ). In conclusion, these results indicated that miR-613 could suppress angiogenesis and growth of glioma cells in vivo.
Discussion
miRNAs serve key roles in many biological processes including proliferation, differentiation, development and apoptosis (20) . Previous studies have demonstrated that miRNAs may represent potential therapeutic targets for a variety of diseases (21, 22) . On the whole, there are two ways for developing miRNA-based therapeutics: miRNA mimics and miRNA antagonists. miRNA antagonists restrain endogenous miRNAs that exhibit gain-of-function in diseased tissues (23) . miRNA mimics are used to recover loss-of-function. This approach, also termed 'miRNA replacement therapy', aims to transfect miRNAs into diseased cells that are regularly expressed in healthy cells (24) . These miRNA-based treatment methods may be effective on tumor therapy. Although thousands of miRNAs have been detected in humans (25) , only a few of them have been functionally characterized.
miR-613 was firstly reported to participate in lipid metabolism in macrophages (26) and HepG2 cells (27) . Previous studies demonstrated a link between miR-613 and tumorigenesis (11, 28, 29) . The present study detected the expression level of miR-613 by RT-qPCR, and the results demonstrated that the mRNA expression level of miR-613 was decreased in high grade glioma cell lines (U87, U251 and SWO-38) compared with NHA cells and the H4 low-grade glioma cell line. Furthermore, the level of miR-613 was markedly associated with the grade of glioma, and the mRNA expression level of miR-613 was decreased in the poor development of glioma. In order to further investigate the potential therapeutic effect of overexpression of miR-613 in GBM cells, the role of miR-613 in the growth of subcutaneous xenograft tumors in nude mice was examined. Consistent with the result in vitro, restoration of miR-613 inhibited the growth of xenograft tumors. Studies also identified that upregulation of miR-613 reduced tumor angiogenesis and invasion in vitro (28, (30) (31) (32) . These results emphasized the therapeutic value of recovery of miR-613 expression level in the therapy of tumors.
Angiogenesis serves an important role in tumor growth and tumor progression. A large number of studies have demonstrated VEGFA as the most potential adjuster of tumor-induced angiogenesis in glioma (15, 16) . Increased the expression of VEGFA is associated with aggravation of risk for glioma recurrence, poor prognosis and increased tumor microvessel density (17, 18) . In the present study, miR-613-overexpressing cells were transfected with VEGFA, and examined the colony forming ability, the invasion ability and tube formation recovery. Certain direct targets of miR-613 have been confirmed (26, 29) . The present study identified a novel direct target of miR-613 and VEGFA. The results revealed that miR-613 had the ability to negatively modulate the expression of VEGFA, which serves important roles by connecting with a site in the VEGFA 3'-UTR. VEGFA increased the expression level of VEGFA in miR-613-overexpressing U87 and U251 cells. Ang-2 is another important protein to regulate tumor angiogenesis (19) . The present study demonstrated that Ang-2 and VEGFA serve synergistic roles in tumor angiogenesis (33) . Therefore, it was concluded that VEGFA may be a direct target for miR-613, implicating miR-613 as a novel target for glioma therapy.
In the present study, there were many lines of evidence to confirm the interaction between miR-613 and VEGFA. Firstly, the 3'-UTR of VEGFA had an assumed binding site of miR-613. Secondly, miR-613 inhibited the activity of a luciferase reporter merged with the 3'-UTR of VEGFA mRNA. Furthermore, miR-613 suppressed the protein and mRNA expression levels of VEGFA. These findings facilitate understanding of the role of VEGFA in regulating glioma cells.
In conclusion, the results of the present study suggested that miR-613 is involved in glioma. In addition, it was demonstrated that miR-613 serves an important role in the malignancy of glioma cells via inhibition of VEGFA expression. To the best of our knowledge, this study was the first to assess the association between miR-613 and VEGFA in glioma. The results implicate miR-613 as a potential target to treat gliomas in the future.
